We evaluated real-time (kinetic) reverse transcription-polymerase chain reaction (RT-PCR) to validate differentially expressed genes identified by DNA arrays. Gene expression of two keratinocyte subclones differing in the physical state of human papillomavirus (episomal or integrated) was used as a model system. High-density filter arrays identified 444 of 588 genes as either negative or expressed with less than twofold difference, and the other 144 genes as expressed uniquely or with more than twofold difference between the two subclones. High-throughput analysis of gene expression is now feasible with the use of cDNA microarrays and high-density filter arrays (HDFA). However, array results can be influenced by each step of the complex assay, from array manufacturing to sample preparation (extraction, labeling, hybridization) and image analysis.
High-throughput analysis of gene expression is now feasible with the use of cDNA microarrays and high-density filter arrays (HDFA). However, array results can be influenced by each step of the complex assay, from array manufacturing to sample preparation (extraction, labeling, hybridization) and image analysis. [1] [2] [3] The efficiency of the reverse transcription (RT) reaction is known to be affected by the enzyme, primers, nucleotides, and RNA secondary structure. These factors in turn influence the representation of low-abundance transcripts in the final cDNA probe. 4, 5 Complex cDNA probes can cross-hybridize to related sequences, and low-intensity hybridization signals are difficult to interpret. The field has not reached consensus on the significance of differences in hybridization intensity. Whereas some investigators interpret a twofold difference in hybridization intensity as evidence of differential gene expression, others require fourfold differences. 1, 6, 7 Currently, array technology is most useful in establishing broad patterns of gene expression and in screening for differential gene expression. Validation of expression differences is accomplished with an alternate method such as Northern blot hybridization or RNase protection assay. However, these assays are time-consuming, labor-intensive, and require large amounts of RNA (Ͼ5 g total RNA). Conventional reverse transcription-polymerase chain reaction (RT-PCR) can be done with smaller amounts of RNA (20 -40 ng), but quantification is difficult and relies on endpoint analysis of the PCR product. 8 -10 Real-time (kinetic) PCR evaluates product accumulation during the log-linear phase of the reaction and is currently the most accurate and reproducible approach to gene quantification. 9, 10 In this study, we explored the applicability of kinetic RT-PCR as a rapid procedure for the validation of a number of differentially expressed genes identified by HDFA. Because of our interest in the interaction of human papillomavirus (HPV) on cellular gene expression, we used the HDFA expression profiles of two subclones differing in the integration status of HPV (integrated or mixed episomal/integrated) as a model system to test our validation approach. We found that a two-step RT-PCR using SYBR Green I dye detection with product verification by melting curve analysis is rapid, quantitative, and applicable to samples with limited amount of RNA. The method was robust enough to validate relative changes in the expression of a number of genes with varying abundance of transcripts.
Materials and Methods

Cell Culture and RNA Extraction
Two subclones of W12 cervical epithelial cells with HPV16 in differing physical states were a gift from Dr. Paul Lambert (University of Wisconsin, Madison, WI). HPV16 was present in a mixed episomal/integrated state in subclone 20863 and in a multicopy integrated form in subclone 20861. Both subclones were grown as monolayers on ␥-irradiated (5000 rads) Swiss Mouse 3T3 fibroblast feeder layers in F-medium (3:1 F12 and Dulbecco's modified Eagle's medium) with 5% fetal bovine serum (FBS). 11 CaSki, a human cervical cancer cell line, was obtained from American Type Culture Collection (Manassas, VA). CaSki monolayers were grown in RPMI-1640 medium with 10% FBS and 2.5 mmol/L L-glutamine. Cells were incubated at 37°C in 5% CO 2 and harvested at 60 to 70% confluence. Cultures were washed with phosphatebuffered saline, followed by 0.02% EDTA to remove the feeder cells.
All monolayers were lysed with guanidinium thiocyanate for RNA extraction. 12 The total RNA from each sample was divided in half: one half for HDFA after poly(A) ϩ RNA isolation by using the Oligotex mRNA kit (Qiagen, Santa Clarita, CA) and the other half for HDFA validation by LightCycler (Roche Molecular Biochemicals, Indianapolis, IN). RNA quality and quantity were evaluated by UV spectrophotometry and denaturing formaldehyde agarose gel electrophoresis. 13 
Gene Expression Profiling by HDFA
Probe synthesis and hybridization conditions optimized for chemiluminescent detection with HDFA were used as previously described. 14 In brief, cDNA probes were synthesized in a 20 l RT reaction with 1 g of poly(A) ϩ RNA, oligo(dT) [12] [13] [14] [15] [16] [17] [18] , random hexamers, digoxigenin-dUTP (Roche Molecular Biochemicals), and SuperScript II reverse transcriptase enzyme (Life Technologies, Gaithersburg, MD). One half of the labeled cDNA was used to hybridize the Atlas Human Cancer cDNA Expression Array (Clontech, Palo Alto, CA). After an overnight hybridization at 42°C, membranes were washed and hybridization signals were detected with anti-digoxigenin/alkaline phosphatase conjugate and CDP-Star substrate. Membranes were exposed to LumiFilm (Roche Molecular Biochemicals) for 12 minutes after incubating with the substrate for 1 hour.
The films were scanned and the images were analyzed using BioNumerics (Applied Maths, Kortrijk, Belgium). 15 Briefly, images were acquired and converted to Tagged Image File (.tif) format using a flatbed scanner. These array image files were then analyzed in BioNumerics software that subtracted background and normalized intensity on the basis of the lowest negative control as 0 and the highest positive control as 100. The data were copied into Microsoft Excel for further analysis. The lower limit of reliable detection was defined by calculating a threshold value equal to the average intensity of 3 negative controls plus 5 times the SD. Intensities above this threshold were considered positive signals.
Validation of Relative Gene Expression by Kinetic RT-PCR cDNA Synthesis
Fifty micrograms of total RNA from each sample were treated with DNase I (0.4 units/g RNA) according to instructions of the MessageClean kit (GenHunter Corp., Nashville, TN). One microgram of DNase-I-treated total RNA was used for cDNA synthesis (20 l), using conditions described previously except that random hexamers and digoxigenin-dUTP were omitted and all dNTPs were maintained at 0.5 mmol/L. 14 
Primers
Gene-specific primers corresponding to the PCR targets on the Atlas Human Cancer cDNA Expression Array were obtained from Clontech. Preliminary experiments were done with each primer pair and CaSki cDNA to determine the annealing temperature that yielded the greatest amount of specific product with melting temperature (T m ) separable from primer-dimer T m . The acquisition temperature was set 1 to 2°C below the T m of the specific PCR product. 16 The experimentally determined annealing and fluorescent signal acquisition temperatures for each gene tested in this series of experiments are given in Table 1 .
Relative Standard Curves
Constructing a standard curve with serial dilutions of known template concentration for each target on the microarray is not feasible. Therefore, dilutions (1:200, 1:2,000, and 1:20,000) of cDNA from the sample with the higher HDFA hybridization intensity for a given target were used to construct a relative standard curve for that target. Template concentrations for reactions in the relative standard were given arbitrary values of 0.5, 0.05, and 0.005. The cDNA (1:200 dilution) from the low-intensity sample was analyzed as unknown.
PCR Assay Conditions
DNA Master SYBR Green I mix (containing Taq DNA polymerase, dNTP, MgCl 2 , and SYBR Green I dye; Roche Molecular Biochemicals) was incubated with TaqStart Antibody for 5 minutes at room temperature before the addition of primers and cDNA template. Each reaction (20 l) contained 2 l of the respective cDNA dilution, primers at 0.4 mol/L, and MgCl 2 at 4 mol/L. The amplification program consisted of 1 cycle of 95°C with 60-second hold ("hot start") followed by 50 cycles of 95°C with 0-second hold, specified annealing temperature with 5-second hold, 72°C with 18-second hold, and specified acquisition temperature with 2-second hold (Table 1) . Amplification was fol-lowed by melting curve analysis using the program run for one cycle at 95°C with 0-second hold, 65°C with 10-second hold, and 95°C with 0-second hold at the step acquisition mode. A negative control without cDNA template was run with every assay to assess the overall specificity.
LightCycler Data Analysis
Unless otherwise mentioned, each assay included duplicate reactions for each dilution and was repeated once. A relative value for the initial target concentration in each reaction was determined on the basis of the kinetic approach 9,10 using the LightCycler software, version 3. The mean concentration of glyceraldehyde-3-phosphate dehydrogenase (G3PDH) was used to control for input RNA because it is considered a stable housekeeping gene and was detected at the same level in both subclones by HDFA and LightCycler. The mean G3PDH concentration was determined once for each cDNA sample and used to normalize all other genes tested from the same cDNA sample. The relative change in gene expression was recorded as the ratio of normalized target concentrations in the 1:200 cDNA dilution.
Results
Gene Expression Profile by HDFA
The normalized intensity of the hybridization signals for the 588 genes ranged from 0.03 to 123 for both subclones. The threshold value was slightly higher for subclone 20861 than for subclone 20863 (6.6 vs. 5.4). Based on these thresholds, subclone 20863 expressed 274 genes, whereas subclone 20861 expressed 184 genes. Nearly 60% of the positive genes for both subclones were low intensity (Ͻ30). Figure 1 is a plot of the log base 2 of the hybridization intensity of each gene in both subclones. The results for subclone 20861 are on the x-axis and those for subclone 20863 are on the y-axis. The two parallel lines indicate the position of twofold difference in intensity. Expression of 444 genes was concordant in both subclones (307 genes with no detectable expression and 137 genes with expression levels differing by less than twofold). Among the 144 discordant genes, 97 genes were detected only in subclone 20863, 7 genes were detected only in subclone 20861, and 40 genes were coexpressed with differential (at least twofold) expression (33 genes upregulated and 7 genes down-regulated in subclone 20863 compared to 20861). Genes for validation were (Table 1) , were analyzed by LightCycler.
Validation of HDFA results by LightCycler Kinetic RT-PCR
The fidelity of the kinetic RT-PCR assay is demonstrated by the fluorescence versus cycle number plot in Figure 2 , which shows detection of the G3PDH transcript at the same level in both subclones. This type of analysis with a housekeeping gene can be used to control for the amount of cDNA in the RT reaction. The no-RT control is negative, indicating the absence of genomic DNA in the RT products of both subclones. The coefficient of variation (CV) was determined for each gene as an indicator of precision associated with the LightCycler RT-PCR assay. The mean CV for genes with hybridization intensity of Ͼ30 was 12% (range, 1-25%), and for those with low intensity (Ͻ30) it was 18% (range, 11-28%).
Data showing the relative change in expression for several genes as determined by HDFA and LightCycler are presented in Table 1 . The LightCycler results confirmed the majority of HDFA results (88%) when the hybridization intensity was Ͼ30 (15 of 17 genes) or when the relative difference in expression between the subclones was greater than fourfold (5 of 5 genes). Uniquely expressed genes detected with HDFA were of low intensity (Ͻ30) and only 1 of 4 genes was confirmed. Overall, LightCycler confirmed HDFA-determined relative expression differences for 17 of 24 genes (71%) tested.
Differences were also seen in the magnitude of differential expression detected by the two methods. For example, among the 14 differentially expressed genes confirmed by LightCycler, 10 genes showed expression differences greater than that determined by HDFA. Notable among these are the expression differences between subclones for fibronectin (eightfold by HDFA and 20-fold by LightCycler), vimentin (twofold by HDFA and 23-fold by LightCycler), and leukocyte interferon-inducible peptide (twofold by HDFA and sevenfold by LightCycler).
Discussion
LightCycler-based real-time RT-PCR using SYBR Green I dye detection and product verification by melting curve analysis was examined in this study as a rapid, sensitive, and specific procedure to validate the differential expression of a large number of genes identified by HDFA. This approach determined relative differences in gene ex- pression instead of absolute copy numbers, eliminating the need for many precisely quantified templates as standards. Strategies based on fluorogenic 5Ј nuclease chemistry or hybridization probes 9, 10 were not considered because design, synthesis, and optimization of conditions for specific internal fluorescent probes for the large number of genes screened by microarrays are not practical. This kinetic RT-PCR approach is readily applicable only for validation of arrays containing cDNA fragments prepared with gene-specific primers in PCR, although gene-specific primers could be designed or determined for other arrays.
Hot-start PCR mediated by TaqStart antibody and fluorescent signal acquisition at temperatures just below the T m of specific product allowed SYBR Green I dye-based kinetic-PCR to be sensitive and specific. In this study, the dye-based detection format resulted in an average CV of 12 to 18% for genes with high and low hybridization intensities. This average CV is well below the reported average of 25 to 35% for gene quantification with LightCycler. Most genes could be detected in dilutions of cDNA as low as 1:200 to 1:20,000 from a standard 20-l RT reaction with 1 g total RNA. For genes with low expression levels, the amount of cDNA may be increased 10-fold more than suggested in this protocol. Because the assay requires small volumes of cDNA, nearly 100 to 1000 genes can be validated with 1 g of total RNA. By contrast, validation with Northern blot or RNase protection assay requires at least 5 g of total RNA per assay, approximately 5000 times more RNA than for the LightCycler assay reported here.
A random selection of genes with varying expression levels detected by HDFA was evaluated by kinetic RT-PCR. Overall, 17 of 24 genes (71%) were confirmed by the LightCycler assay. Both the hybridization intensity and the relative level of gene expression influenced the likelihood that HDFA differences were validated. Genes with weak hybridization signals (Ͻ30) and less than fourfold difference in expression were least likely to be validated by the LightCycler. On the other hand, several genes (8 of 10 genes) with high hybridization intensity (Ͼ30) and only two-to fourfold difference in expression were validated by the LightCycler. The largest group of differentially expressed genes in many studies using DNA arrays are those with two-to fourfold differences in expression. 1, 6, 7 Our data using kinetic RT-PCR suggests that these genes cannot be eliminated as false nor be accepted as true without validation by a secondary procedure.
For genes confirmed as differentially expressed by LightCycler RT-PCR, the level of gene expression differences could be quite different by the two methods. A notable example of such a discrepancy was vimentin gene expression (23-fold differences by LightCycler as opposed to twofold difference by HDFA). The vimentin PCR product includes nucleotides 1164 -1604, a region spanning coding through the 3Ј UTR. This sequence has 80 to 90% homology over a stretch of 100 nucleotides with other members of the intermediate filament gene family, such as desmin, plasticin, and internexin. This observation suggests that true expression differences for specific members of gene families may be masked by cross-hybridization in microarrays.
Our findings support the use of microarrays as screening tools and emphasize the need for validation of microarray results. The strength of LightCycler assay as a secondary validation procedure lies in its potential to quantify relative change in expression of large number of genes with limited RNA rapidly and precisely. Striped arrow indicates the position of noise band. All data points below the noise band were excluded from quantification. Annealing and signal acquisition temperatures for G3PDH are given in Table 1. 30 Rajeevan et al JMD February 2001, Vol. 3, No. 1 
